Pneumocystic carinii organisms obtained from the lungs of rats with glucocorticoid-induced pneumocystosis retained a number of metabolic activities during in vitro culture for 48 to 72 h. They were able to metabolize ['4C] Although there is an extensive body of literature on Pneumocystis carinii, there is no information on the parasite's metabolic activities and the mechanisms of action of drugs used in therapy of pneumocystosis. Studies of the organism in vitro have been few and limited to descriptions of reactions with antibodies (3, 5, 13) and of the interaction of the parasite with phagocytic cells (6, 11). In addition, several groups of investigators have described apparent replication of the organism in cell culture systems in vitro (1, 4, 9), none of which methods have been reproducible to date in our laboratory.
Although there is an extensive body of literature on Pneumocystis carinii, there is no information on the parasite's metabolic activities and the mechanisms of action of drugs used in therapy of pneumocystosis. Studies of the organism in vitro have been few and limited to descriptions of reactions with antibodies (3, 5, 13) and of the interaction of the parasite with phagocytic cells (6, 11) . In addition, several groups of investigators have described apparent replication of the organism in cell culture systems in vitro (1, 4, 9) , none of which methods have been reproducible to date in our laboratory.
Recently, however, we described experiments in which lysosomotropic vital dyes were utilized to characterize the in vitro activity of a variety of drugs and of immune serum against P. carinii organisms obtained by lavage from heavily infected rats (7) . In those experiments we noted that organisms which remained viable after overnight incubation had altered the pH of the tissue culture medium, whereas those incubated with lethal concentrations of pentamidine and other compounds failed to do so. That observation suggested that the organisms were utilizing carbohydrates and that, although they did not replicate, they might be carrying out a number of vital synthetic activities. Characterization of some of the metabolic and synthetic activities of the parasite might allow for better understanding of the organism per se and the mechanism of 908 action of effective drugs, as well as provide simpler and more sensitive tests to use in subsequent studies of interactions of P. carinii with mammalian immune mediators.
We found that P. carinii organisms metabolize glucose in vitro and that, although P. carinii does not appear to accumulate thymidine or hypoxanthine, it actively accumulates and converts into macromolecular form precursors of ribonucleic acid (RNA) and proteins. In addition, it was found that assays of viability based on dye uptake agreed quite well with those based on measurements of the metabolic activity of Pneumocystis organisms.
MATERIALS AND METHODS P. carinii organisms were obtained by bronchial lavage from male Sprague-Dawley rats (HarlanSprague Dawley, Madison, Wis.) in which the growth of endogenous P. carinii organisms was induced by chronic treatment with glucocorticoids (initially, cortisone acetate administered subcutaneously twice weekly and, subsequently, methylprednisolone administered in the drinking water at a concentration of 75 mg/liter). During the period of glucocorticoid administration, the rats were maintained on tetracycline (1 g/liter) and low-protein rat chow. Animals that became ill were sacrificed, after which the trachea was cannulated, and the heart and lungs were removed en bloc. After perfusion of the pulmonary circulation with phosphate-buffered saline (PBS) (pH 7.4) containing 0.6 mM ethylenediaminetetraacetic acid (EDTA), the PNEUMOCYSTIS CARINII 909 excised lungs were washed with PBS-EDTA. After removal of the majority of macrophages by attachment to glass in tissue culture medium composed of medium 199 or minimal essential medium supplemented with 10% heat-inactivated newborn calf serum, penicillin (500 U/ml), and gentamicin (20 .tg/ml), aggregates of P. carinii organisms were disrupted by repeated passages through 27-and 30-gauge needles, and the organisms were then sedimented (200 x g for min at 22°C) and washed with PBS three times. Portions of the suspension were also plated on brain heart infusion agar plates; none of the preparations was sterile, but in none of the assays were data obtained from preparations with greater than 103 organisms/mi. In several experiments, portions were also cultured for obligate anaerobes and mycoplasma; none was isolated. Similarly if, after glass attachment and mechanical disruption, more than 102 host cells per ml remained viable by trypan blue exclusion, the preparation was not used. The apparent viability of P. carinii organisms by acridine orange accumulation was also determined before each experiment; in all experiments, greater than 80% of particles of the size and shape of P. carinii organisms concentrated the dye and were presumably viable. For all assays, the numbers of P. carinii organisms were adjusted so that the final concentration was approximately 108 organisms per ml, as determined by counts with a phase-contrast counting chamber. After it was determined that gentamicin (20 ,ug/ml) did not alter any of the activities to be described, that antibiotic was included in all reactions.
Glucose catabolism. Production of '"CO2 from [U-"C]glucose was determined by liquid scintillation counts of '0CO2 trapped in 0.1 N NaOH (10) . Organisms were washed in PBS, suspended in Earle salts with 7 ,umol of glucose per ml to which tracer radiolabeled glucose had been added, and incubated at 37°C with intermittent agitation for periods of time up to 2.5 h. The reaction was terminated, and dissolved '0CO2 was liberated from the medium by the addition of 6 M H2SO4. For assessment of the relative utilization of glycolysis and pentose shunt activity, experiments were also conducted with glucose selectively labeled at the C-1 and C-6 positions. 14CO2 production is expressed in nanomoles of [14C] (8) . The organisms were incubated with the radiolabeled compound in Earle salts with 100 mg of glucose per 100 ml at 37°C. When the duration of the incubation was more than 30 min, the reactions were carried out in stoppered tubes with an atmosphere of air and 5% C02. The uptake of compounds was terminated by the addition of 12 ml of iced PBS to the original 0.5-ml reaction mixture and pelleting the organisms at 1,000 x g for 5 min. The pellet was washed three times and dissolved in 0.1 N NaOH for determination of total intracellular radiolabel. For the determination of TCA-insoluble radiolabel, iced 10% TCA was added to pellets washed once with PBS. The precipitate was pelleted at 100 x g and washed twice with iced TCA and once with iced water, and the pellet was dissolved in 0.1 N NaOH.
In studies of the effects of inhibitors of protein synthesis, amino acid uptake, and uridine incorporation, inhibitors were added just before or 1 h before the addition of radiolabeled compounds and were included throughout the incubation with radiolabeled compounds. For these studies we used tetracycline, chloramphenicol, and rifampin, in addition to suramin, chloroquine, pentamidine, and trimethoprim-sulfamethoxazole.
In all studies, the uptake of (Fig. 1) .
In other experiments, in which 14CO2 production from glucose selectively labeled at either (Fig. 2) . However, trimethoprim-sulfamethoxazole, suramin, 2-deoxy-D-glucose, and culture in an hypoxic environment did not appear to significantly depress the subsequent metabolic activity of the organisms. The correlation between this assessment of the viability of P. carcinii organisms (the ability to utilize glucose) and our previously published assay (accumulation of neutral red) was quite good. The only striking difference in the two assays of viability resulted when the viability of the organisms after overnight incubation with pentamidine at a concentration of 1 ,ug/ml was studied (Fig. 3) . In that situation, uptake of Evolution of 14C02 from [U-14C/glucose by P. carinii cultueres incubated with a variety ofpotential inhibitors of metabolic activity. The effects of the agents on the metabolism of the organisms were determined by coincubation of the agents with P. carinii and radiolabeled substrate. For determination of the effects on viability, P. carinii cultures were incubated with the agents overnight, washed, and suspended in inhibitorfree reaction mixture containing radiolabeled substrate. Potential inhibitors tested were (* = significant reduction in metabolism; t = significant reduction in viability): A, 0.1 mM iodoacetate*t; B, 1.0 mM iodoacetate*t; C, 50 mM 2-deoxy-D -glucose*; D, pentamidine (1 lig/ml)*t, E, pentamidine (5 pg/ml) *t; F, trimethoprim (IOpg/ml) plus sulfamethoxazole (200 Lg/ml); G, trimethoprim (1 00 pg/ml) plus sulfamethoxazole (200 tg/ml)t; H, chloroquine (50 lpg/ml)t; I, suramin (50 pg/ml); and J, an atmosphere of N2 and 5% Co2. Metabolism experiments were not performed for G, H, I, and J. Results are expressed as mean + standard error of the mean of the percentage of concurrent control "CO2 production from three or more separate experiments. Comparison of results ofneutral red assay of the viability of P. carinii cultures with determination of viability based on evolution of "CO2 from [U-"Ciglucose after overnight incubation of organisms with potential active agents. In general, there is good agreement between the two assays, with antibodyplus complement (-); suramin, 10 ,ig/ml (0); trimethoprim, 100 Htg/ml, plus sulfamethoxazole, 200 pg/ml (M); and 50mM 2-deoxy-D -glucose (A) allowing survival of organisms; and pentamidine, 5 ag/ml (O); chloroquine, 10 ,g/ml (O); and 0.1 mM iodoacetate (A) killing most organisms. Pentamidine at the lower concentration, 1 lug/ml (O), appeared to be more active when the effects were assayed by the evolution of "CO2 than by dye uptake. centration by organisms which had been metabolically inactive for a relatively short time.
In other experiments, we detected substantial incorporation of 3H-amino acids by P. carinii in vitro, as well as apparent active transport of
[3H]ABA, a non-assimilable amino acid analog.
Conversion of [3H]amino acids into TCA-insoluble components was inhibited by cycloheximide, as well as by several antiprotozoan drugs, but was not substantially reduced by rifampin, chloramphenicol (Fig. 4) , tetracycline (50 ,ig/ ml), or trimethoprim (100 ,ug/ml) plus sulfamethoxazole (200 ,ug/ml) (data not shown). In addition, uptake of [3H]ABA, although not inhibited by cycloheximide (100 ,ug/ml), was inhibited by excess unlabeled ABA, chloroquine, and to a lesser extent, pentamidine (Fig. 5) . There was also readily demonstrable uptake of an RNA precursor, [3H]uridine, by P. carinii organisms in vitro, with over 85% of the cellassociated radiolabel being TCA insoluble after 1 h of incubation. Uptake of [3H]uridine was not inhibited by pentamidine (50 ,ug/ml), the only agent so tested with that compound.
As was expected with an organism which appeared to survive but not replicate in our in vitro system, we detected no uptake or incorporation into TCA-precipitable residues of the deoxyri- the culture conditions that we employ, can be shown to be viable and metabolically active.
Although our preparations were, of necessity, not pure and were definitely contaminated with low numbers of enteric bacteria and rare rat cells, we feel that none of the contaminants contributed significant error to our determinations of metabolic and synthetic activities of P. carinii organisms. Since the degree of contamination with rat alveolar cells could be determined microsopically and the preparations further homogenized or discarded if there were more than 102 cells per 108 P. carinii organisms, the main concern remained with bacterial contamination. All preparations were cultured for aerobic organisms, and in selected experiments, the preparation was cultured for anaerobic bacteria and mycoplasma before the addition of antibiotics. None of the latter two types of organisms grew from the lung washings of our rats, which had been maintained for several weeks on tetracycline. In addition, the metabolic and synthetic activities of the preparations, although characteristic of eucaryotic pathways, were in most situations not typical of procaryotic cells. Notable in this regard are the retention of the metabolic activity on 8-Am membrane filters; the lack of effect of various antibiotics, such as gentamicin, chloramphenicol, and rifampin; the lack of evidence of DNA synthesis; and the stability of the metabolic activities despite culture of the organisms in high concentrations of antibiotics in tissue culture medium for up to 2 days. It is also relevant to note that in extensive electron microscopic examination of organisms from these preparations for other studies in progress, we have not noted bacteria or organisms resembling Mycoplasma sp.
P. carinii organisms utilized glucose, probably by the classic glycolytic pathways, and evolved C02. Despite attempts by high-pressure liquid chromatography to identify the organic acids responsible for acidification of tissue culture medium observed after overnight incubation of viable P. carinii organisms, we were unable to define those compounds. The lack of detectable acids most likely reflects the unfavorable in vitro conditions under which the assays were run, in that the organisms were incubated for short periods of time in medium which contained only glucose as an energy and carbon source.
The organisms appeared to actively synthesize RNA and proteins, but in agreement with our observations that they do not replicate in vitro, they did not incorporate thymidine or hypoxanthine, compounds which serve as DNA precursors in a variety of pathogenic protozoans. In addition, protein synthesis was inhibited by cycloheximide, a classic inhibitor of that process in eucaryotic cells, as well as by high concentrations of drugs useful in therapy of various protozoan illnesses.
Also apparent in our data was the striling effect of pentamidine and iodoacetate (and the lack of effect of trimethoprim-sulfamethoxazole) on the metabolic activity of the organisms after overnight incubation with the agents. In agreement with our previous observations (7), pentamidine appeared to kill the organisms, whereas trimethoprim-sulfamethoxazole did not. These data indicate that the effects of pentamidine, at concentrations which may be present in infected lungs in vivo (12) , are directly lethal to the organisms regardless of the state of replication of the organisms. Presumably, trimethoprim-sulfamethoxazole exerts its effects only on organisms which are capable of undergoing replication; whether the drug is static, i.e., whether replication can resume when the drug VOL. 34, 1981 on August 14, 2017 by guest http://iai.asm.org/ is removed, or "cidal", i.e., the impairment of replication is permanent, cannot be determined in our system. These observations in P. carinii organisms concerning the mode of action of pentamidine do not define the mode of action of the drugs against this parasite, but they do make some possible modes extremely unlikely. It is, for example, unlikely that the lethal effect of the drug is related to its ability to prevent DNA synthesis (2) , since the organisms are not replicating. Similarly, inhibition by pentamidine of amino acid transport (14) , glucose metabolism, or protein synthesis seems unlikely to explain the lethal effect of the drug. Degrees of inhibition similar to those induced by pentamidine at lethal concentrations were observed with nonlethal concentrations of other agents. Whether other key metabolic pathways are also inhibited by the drug, or whether the lethal effect is the result of summation of multiple sublethal inhibitory actions, remains to be determined.
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